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1.  Introduction 

The  topics  of  theoretical  and  experimental  interest  in  this  research  have  been: 

Behaviour  of  ultrasmall  low  capacitance  (Coulomb-blockaded)  Josephson  and  normal 
metal  tunnel  junction  microstructures.  Experimentally  the  microstructures  are 
fonned/studied  us  cryogenic  Scanning  Tuimeling  Microscopes  (STTM).  A  particular  interest 
is  in  the  fundamentally  new  mechanisms  of  interaction  with  radiation  believed  to  operate 
in  these  systems. 

The  Proximity  Induced  Josephson  Effect  (PUE),  an  effea  occurring  at  a  Normal 
Metal/Superconductor  (N/S)  interface  which  displays  many  of  the  features  of  the  Josephson 
effect,  and  whose  device  potential  has  not  been  at  all  explored. 

Related  topics  in  our  research  in  this  project  have  been  methods  to  form  Josephson 
junctions  using  cuprate  superconductors,  questions  of  magnetic  field  and  vortex  interactions 
and  losses  in  the  surface  of  cuprate  superconductors,  and  methods  to  prepare  and  modify 
the  smface  of  cuprate  superconductors  to  make  Josephson  junctions  and  other  electronic 
devices. 

n.  Results 

In  the  STM  based  study  of  Coulomb  blockaded  Josephson  junctions,  our  work  [1,2] 
was  based  on  the  concept  of  the  double  tunneling  capacitor,  formed  using  the  STM.  A  small 
particle  present  on  a  (partially  oxidized)  metallic  substrate  can  exhibit  small  capacitances 
and  small  electron  tunneling  rates  to  both  the  STM  tip  and  the  underlying  substrate.  In 
these  structures  the  interelectrode  capacitances  can  be  on  the  order  of  10'^^  F, 
corresponding  to  a  single  electron  charging  energy  of  e/C  =  16  me  V,  a  significant  energy  at 
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e.g.  4.2  K  where  kT  is  0.36  meV.  For  a  single  tunneling  capacitor  with  current  feed  and 
voltages  and  kT/e  much  less  than  e/C  a  regime  of  sequential  temporally  correlated  electron 
hopping  was  predicted  [3],  with  the  characteristic  frequency  I/e,  I  the  tunnel  current.  The 
possibility  of  interaction  of  the  correlated  tunneling  events  in  this  regime  with  microwave 
radiation  of  the  matching  frequency  is  of  interest.  With  K-band  microwaves  at  25GHz,  the 
level  of  I  is  4  nA,  a  typical  STM  current  level.  Microwave  correlation  experiments  in  the 
double  junction  case  are  also  of  interest.  As  an  approach  to  this  problem  we  built  and  tested 
a  unique  microwave  cryogenic  STM.[4,5],  illustrated  in  Fig.  1. 


not 

Fig.  1.  Low  temperature  STM  ctoss  section:  (1)  worm,  (2)  wheel,  (3)  0000-160  threaded 
rod,  (4)  stainless  steel  foot-pusher,  (5)  Be-Cu  spring,  (6)  0-80  coarse-adjustment  screw,  (7) 
removable  top  piece,  (8)  piezoelectric  tube  scanner,  (9)  concentric  stainless  steel  tube,  (10) 
4-40  stainless  steel  screw,  (11)  Macor  ring,  (12)  waveguide,  (13)  tip,  (14)  copper  sample 
mounting  block  with  sample,  (15)  pivot  feet,  (16)  semicircular  bimorph  disc. 

The  basic  feature  of  this  is  that  the  STM  tip  traverses  the  narrow  face  of  a  K-band 
waveguide,  and  is  thus  parallel  with  the  microwave  E-field.  In  this  way  a  microwave  voltage 
appears  between  tip  and  sample  as  desired  to  stabilize  the  correlated  electron  tunneling 
events.  In  this  design  great  rigidity  is  achieved  by  mounting  tip  and  sample  on  a  heavy  metal 
base  which  encloses  the  stainless  steel  waveguide.  The  tip  is  mounted  on  the  end  of  a 
piezotube  mounted  above  the  broad  face  of  the  guide.  The  piezo  tube  mount  allows  rough 
positioning  of  the  tip  across  the  guide,  and  in  operation  provides  the  transverse  x,y  motion 
of  the  tip  in  STM  scanning.  The  fine  z-spacing  is  accomplished  on  the  opposite  side  of  the 
guide  by  mounting  the  sample  on  a  half  circular  piezo  disk  which  flexes  into  a  drumhead 
mode  when  the  electrodes  are  biased.  Convenient  sample  mounting  is  accomplished  simply 
by  removing  the  piezo  half  circular  disk  from  its  spring  mounting. 

An  external  adjustment  of  the  z-spacing  is  accomplished  by  a  worm  driving  a  20  tooth 
gear,  advancing  a  1/160  thread,  which  in  turn  pivots  the  piezo  half  disk  on  pivot  feet  of 
adjustable  positions,  providing  1/lOth,  l/5th  or  1/2  reduction  of  the  motion.  To  reach 
tunneling  distance,  about  10  Angstroms,  a  stepping  motor  advances  the  worm  gear  via  the 
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drive  rod  from  the  outside,  until  stopped  by  the  computer  control  system’s  detection  of 
tunneling  current.  The  resonant  frequency  of  the  cavity  can  also  be  adjusted  from  outside 
the  dewar,  by  means  of  adjusting  the  endwall  position.  Figure  1  shows  the  design  features 
of  the  microwave  STM  and  is  part  of  the  paper  [5]  published  in  J.  Physics  E. 
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Fig  2.  Microwave  coupling  to  initially  non-linear  IV  curve  (full  solid  curve,  -20dB)  obtained 
at  room  temperature  in  microwave  STM.  Dashed  curve  (-16dB)  shows  partially  linearized 
result,  followed  by  dotted  curve  -6dB.  The  solid  line  segments  are  obtained  numerically  by 
averaging  the  initial  curve  over  microwave  sinusoidal  voltages  of  200  and  400  mV 
amplitudes,  respectively.  This  demonstrates  that  the  available  microwave  voltage  between 
tip  and  sample  can  be  as  large  as  400  mV. 

Fig.  2  demonstrates  that  the  microwave  STM  we  have  built  provides  a  significant 
microwave  voltage  across  tip  and  sample.  An  initially  nonlinear  I(V)  is  shown  in  the  solid 
curve;  increasing  microwave  power  is  seen  to  linearize  the  curves  (-16  dB,  dashed,  with  solid 
modeling  section  h;  -6dB  dotted  with  modeling  section  a)-  It  appears  that  the  microwave 
voltage  available  is  in  the  range  of  several  hundred  millivolts  at  25  GHz  using  this  unique 
apparatus.  A  superinsulated  helium  cryostat  has  been  set  up  for  use  with  this  microwave 
cryogenic  STM. 

The  basic  manifestation  of  the  Proximity  Induced  Josephson  Effect  (PIJE)  is  a  sharp 
non-linearity  in  the  I-V  curve  of  an  N-I-S  tunnel  contact,  which  looks  like  a  Josephson 
junction  with  a  small  series  resistance.  Other  Josephson  like  aspects  of  the  behaviour  are 
the  Fraunhofer-like  Ij.(B),  and  Shapiro  steps  of  voltage  spacing  hf/2e.  We  have  published 
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theoretical  work  relating  experimental  results  [6,7]  to  the  theory  of  Geshkenbein  and  Sokol 
[8];  a  paper  [9]  has  been  published  summarizing  our  findings.  The  conclusion  drawn  is  that 
the  PUE  effect  indeed  arises  by  the  formation  of  a  proximity  induced  superconducting  layer 
in  the  N  material,  as  supposed  earlier.  However,  it  appears  that  an  AC  current  obeying  the 
condition  2eV=hf  is  not  to  be  expected,  that  the  RF  steps  arise  in  a  different  maimer,  and 
that  the  qualitative  aspect  of  the  I(V)  changes  smoothly  from  a  sharp  nonlinearity  closely 
resembling  an  RSJ  model  Josephson  junction  to  a  weak  and  broad  excess  current  much  as 
observed  in  the  Pair  Field  Susceptibility  work  of  Goldman  and  collaborators  [10,  11,  12]. 
The  suggestion  that  these  disparate  effects  arise  in  the  same  way  is  we  believe  important 
and  deserves  extensive  new  experiments.  Recent  results  by  Agrit,  Rodrigo  and  Viera  []  have 
claimed  to  verify  the  effect  and  also  an  interpretation  along  the  lines  we  proposed, 
specifically  not  to  include  a  phase  slip  center. 

Under  the  present  grant  we  have  designed  and  built  a  point  contact  tunneling 
apparatus  with  microwave  coupling.  This  work  was  interrupted  due  to  the  loss  of  the 
researcher;  and  was  carried  on  again  in  the  fall  of  1992.  The  first  experiments  performed 
with  this  new  apparatus  are  shown  in  Fig.  3  and  Fig.  4. 


Josephson  ERect  in  Break  Junction  #1 


Fig.  3.  Current  voltage  curve  obtained  at  4.2K  with  BSCCO  SIS  Josephson  junction  created 
by  fracture  of  a  single  crystal  in  situ.  The  features  of  interest  are  a  strong  Josephson 
supercurrent,  appreciable  hysteresis,  and  a  sharp  quasiparticle  current  rise  locating  the  sum 

gap. 
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These  results  were  obtained  using  the  new  apparatus  in  a  break  junction  mode,  in  which  the 
point  contact  tip  advance  mechanism  was  used  alternatively  to  bend  a  ceramic  bar  substrate 
on  which  a  .  thin  cuprate  superconductor  single  crystal  of  Bi2Sr2CaCu208  (BSCCO)  was 
cemented.  Flexing  of  the  ceramic  substrate  causes  the  cuprate  to  break  under  tensile  stress, 
creating  a  cuprate\liquid  helium\cuprate  SIS  Josephson  junction.  The  coupling  strength  of 
the  junction  can  be  adjusted  with  the  tip  advance  screw  making  use  of  the  elasticity  of  the 
substrate  which  remains  unbroken.  The  apparatus  will  allow  microwave  irradiation  of  such 
a  junction,  but  that  has  not  been  done  as  yet 


V(mV) 


Fig.  4.  Derivative  of  the  I(V)  curve  shown  in  Fig.  3,  revealing  sharpness  of  the  quasiparticle 
sum  gap  edge  in  this  cuprate  SIS  break  junction. 

The  data  of  Fig.  3  and  Fig.  4,  as  yet  unpublished,  show  for  the  first  time  a  robust 
Josephson  current,  a  very  sharp  sum  gap  response  and  an  appreciable  hysteresis.  The  earlier 
work  [14,15]  on  BSCCO  break  junctions  has  not  shown  a  Josephson  current,  and  the 
quasiparticle  peaks  in  G(V)  are  very  broad  rather  than  being  sharp  as  in  Fig  4, 

Scanning  Tunneling  Microscope  (STM)  and  UHV  surface  analysis  work  has  been 
initiated  with  the  goals  of  finding  methods  to  pattern  the  BSCCO  superconductor  on  a  lOOA 
scale,  and  also  to  find  methods  of  doping  the  material  to  change  its  hole  concentration  and 
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superconducting  properties.  This  work  is  stimulated  by  our  recent  demonstration  [16]  that 
the  cryogenic  Scanning  Tuimeling  Microscope  (CSTM)  is  capable  of  mapping  the  energy  gap 
of  a  cuprate  superconductor  on  a  scale  of  5 A.  TTiese  observations  [16]  make  clear  that  under 
attainable  conditions  superconductivity  can  exist  in  the  first  atomic  layers  of  the  specimen, 
which  is  very  encouraging  for  the  prospect  of  making  superconducting  devices. 

We  have  grown  single  crystals  of  the  cuprate  Bi2Sr2CaCu208  (Bi2212)  routinely,  and 
have  made  extensive  STM  measurements  at  room  temperature  and  at  4.2K  on  ab  plane 
cleavage  faces  of  this  material,  where  a  and  b  unit  cell  dimensions  are  5.4A.  In  this  layerlike 
material,  the  basic  unit  is  15.4A  thick  along  the  c-direction,  a  sandwich  of  the  form  BiO-SrO- 
CuOj-Ca-CuOj-SrO-BiO,  two  of  which  stack  to  make  up  the  30.8AA  unit  cell.  We  think  of 
this  as  a .. = N-I-S-I-N = N-I-S-I-N = ..  jimction  superlattice  structure  along  the  c-direction  with 
period  15.4A,  where  =  represents  a  relatively  Wgh  tunnel  barrier  across  the  van  der  Waals 
bond,  I  represents  the  internal  barrier  comprised  by  the  SrO  plane,  S  represents  the  double 
plane  CUO2  structure  and  N  represents  the  BiO  layer  exposed  by  cleavage  when  the  = 
barrier  (weak  bond)  ruptures.  In  in-situ  vacuum  cleaved  samples  we  can  see  the  Bi  atoms 
with  nearest  neighbor  spacing  3.8A. 

In  samples  that  are  air-cleaved  and  quickly  immersed  in  liquid  He  with  our  CSTM 
we  have  been  able  to  make  a  mapping  of  the  energy  gap  on  the  ab  plane  of  the  material. 
The  energy  gap  as  measured  along  a  500A  line  is  shovm  in  Fig.5  [16]  which  demonstrates 
the  SA  resolution  of  our  LDOS  measurements. 
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We  have  found  that  the  STM  can  be  used  as  a  patterning  tool  on  the  ab  plane  of  the 
cuprate  superconductor.  Successive  layers  of  the  material  can  be  removed  by  rastering  the 
tip  under  bias  conditions  not  far  different  from  those  normally  used  in  scanning  to  provide 
topography. 


FIG.  6A 


B 


C 


In  Fig.  6  ABC  are  a  sequence  of  topographs  made  at  room  temperature  in  our  small  air- 
helium  STM.  A  square  region  1000x1000  (A)^is  being  successively  raster  scanned,  with  500 
pA  current  and  0.5  Volt  bias.  As  this  process  proceeds,  a  square  hole  (B)  is  seen  to  appear 
in  the  scanned  region,  with  some  double  removal  in  (C).  This  is  an  STM  etching  process, 
the  mechanism  of  which  is  not  yet  known,  but  may  be  related  simply  to  local  heating  related 
to  the  current  density,  500  10''^A/(5  10^cm)^=2  10^  A/cm^  taking  the  effective  dimension 
of  the  current  "beam"  as  5A. 

Line  scans  across  images  (B)  and  (C)  shown  in  Fig.  7  AB  indicate  the  sharp-edged  "wells" 
that  have  been  etched  have  depths  close  to  one  full  c-lattice  constant,  SO.sA,  as  one  might 
expect.  We  also  have  some  evidence  of  etching  to  half  this  distance.  There  is  also  evidence 
for  a  second  step  of  the  etching  process,  which  would  produce  a  well  61.6A  deep.  This 
provides  a  method  for  etching  patterns  into  the  2212  surface,  and  we  see  no  reason  why  a 
circular  trench  cannot  be  etched,  isolating  a  lOO-lOOOA  diameter  "pillar"  or  "quantum  dot" 
of  2212. 
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Theoretical  work  has  also  been  carried  out  under  the  present  grant  on  electron- 
device-related  aspects  of  layered  superconductors  such  as  BSCCO.  These  calculations  are 
related  to  the  response  of  the  superconductor  to  electromagnetic  fields,  specifically  the 
microwave  absorption  [17],  An  aspect  of  real  superconductors  which  is  of  concern  and 
interest  in  computer  applications  is  flux  trapping.  In  state  of  the  art  conceptions  of 
superconducting  logic  devices,  the  RFSQ  logic  proposed  by  Likharev  and  Semonov  [18], 
stray  magnetic  field  from  even  single  trapped  flux  quanta  will  be  problematic.  A  second 
calculation  performed  under  the  present  support  [19]  considers  the  thermal  formation  of 
vortex  loops  in  layered  superconductors  such  as  BSSCO.  It  is  predicted  that  flux  loops  may 
appear  thermally  near  T^,  which  is  consistent  with  several  recent  papers  [20,21]  relating  to 
thermal  generation  of  flux  lines  in  similar  circumstances.  In  the  present  paper  [19],  which 
has  been  submitted  to  Phys.  Rev.  Lett.,  a  suggestion  is  made  that  such  magnetic  vortices, 
if  frozen  in  or  quenched  by  a  rapid  sample  cooling,  may  lead  to  local  variations  in  the 
superconducting  energy  gap  as  we  have  observed  and  shown  in  Fig.  5  [16].  These  two 
papers  [17,19],  at  present  submitted  but  not  published,  are  attached  to  the  present  report 
as  Appendix  A  and  Appendix  B,  respectively. 
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A  bstract 

It  is  shown  that  the  model  describing  a  High-Tc  superconductor 
(5)  as  a  layered  structure  with  Josephson  coupling  between  S-layers 
should  lead  to  appearance  of  substantial  low  frequency  losses  in  the 
vicinity  of  Tc.  These  losses  are  caused  by  the  interaction  of  supercur¬ 
rents  with  fluctuating  magnetization  usually  introduced  by  the  copper 
ions. 


PACS  numbers:  74.20.-z,  74.30.Ga,  74.70.Vy 
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Soon  after  the  discovery  of  the  anisotropic  high-T^  superconductors  an 
unusually  strong  low  frequency  absorption  Wcis  found  in  these  new  materials 
(see  Refs.  [1-6]).  A  theoretical  explanation  for  this  phenomenon  was  given 
on  the  basis  of  flux  motion  in  an  effective  Josephson  medium  (see  for  instance 
[7]).  In  this  letter  we  show  that  there  is  an  intrinsic  mechanism  related  to 
the  particular  nature  of  high-Tc  materials  which  also  leads  to  such  a  phe¬ 
nomenon. 

At  present  no  one  doubts,  that  the  layered  structure  contributes  essen¬ 
tially  to  the  observed  properties  of  such  superconductors.  On  the  other 
hand,  practically  all  high-Tc  superconductors,  under  the  proper  variation  of 
the  oxygen  content  regulating  the  carrier  concentration,  become  magneti¬ 
cally  ordered  materials.  There  is  also  a  region  on  the  phase  diagram  where 
coexistence  of  the  magnetism  with  the  superconductivity  is  possible.  The 
latter  may  mean  that,  even  in  the  region  of  strong  superconductivity,  inter¬ 
action  between  superconducting  degrees  of  freedom  and  local  or  quasilocal 
magnetic  moments  could.affect  not  only  the  thermodynamic,  but  also  electro- 
dynamic  properties  of  such  superconductors.  Here  we  show,  on  an  example 
of  a  simple  model,  how  such  interactions  affect  electrodynamics,  leading  to  a 
temperature-dependent  low  frequency  absorption.  As  the  layered  structure  of 
the  high-Tc  oxides  is  often  imitated  by  Josephson  coupled  regions  of  strong 
superconductivity,  let  us  consider  a  Josephson  junction  with  an  insulating 
layer  with  width  2d.  This  layer  is  assumed  to  be  a  magnetically  ordered  ma¬ 
terial  at  temperatures  lower  than  the  critical  temperature  Tm  {Tc  >  Tm)  \n 
the  absence  of  superconducting  electrodes. The  free  energy  for  such  a  system 
can  be  written  as 


\ 1  -  cos 
* 


1/  [Mn]  V4>  -b  - 


T-mM’ 


-t-(VM)’ 


1}' 


(1) 


where  <i>  is  the  ph«we  difference,  \j  is  the  Josephson  penetration  length, 
c  =  $§/(47r)^7rA,  A  is  the  region  of  magnetic  field  penetration  (A  =  2(A£,-bd)), 
$0  is  the  magnetic  flux  quantum,  v  =  dhcfe\,  n  is  a  unit  vector  in  the  di¬ 
rection  of  tunneling  (z-direction),  the  constant  k  will  be  estimated  below, 
Tjn  =  {T  —  Tm)/Tm  >  0  and  if  is  a  value  of  the  magnetic,  low  temperature 
correlation  length.  In  Eq.  1  the  term  proportional  to  u  is  the  energy  of  in¬ 
teraction  between  moments  and  magnetic  fields  caused  by  superconducting 
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currents  in  the  junctions.  We  have  also  omitted  higher  order  terms  with  re¬ 
spect  to  M ,  as  the  consideration  here  is  restricted  only  to  a  positive  value  of 
Tjn  .  Let  us  suppose  that  the  critical  temperatures  Tc  and  Tm  are  distinctly 
different.  In  such  a  case,  the  equilibrium  phase  difference  in  the  vicinity  of 
Tc  is  equal  to  zero,  as  well  as  M  =  0.  Nonetheless,  with  the  decrease  of 
at  some  temperature,  it  is  possible  to  make  the  free  energy  lower  than  zero 
owing  to  the  interaction  of  the  magnetic  moments  with  the  currents  in  the 
system.  Such  a  state  will  be  an  essentially  nonhomogeneous  state  with  (j> 
varying  in  space.  In  order  to  find  the  value  of  the  temperature  t^i  >  0  for 
such  a  transition,  one  has  to  study  the  spectrum  of  excitations  for  the  free 
energy  Eq.  1.  After  the  expansion  of  the  cosine  in  the  integral  and  diago¬ 
nalizing  of  the  Gaussian  form,  one  can  find  the  following  two  branches  e±  of 
excitations 


e^{k)  = 


,{k)  -h  Cj(fc) 


(2) 


Here  em(^)  =  is  the  energy  of  magnetic  excitations  in  the 

absence  of  interactions,  ej  =  e{k^  -f  A"*)  is  the  energy  of  the  Josephson 
phase  fluctuations,  v  =  ufLbfQ,  where  Q  is  the  volume  corresponding  to  the 
value  of  magnetization  equal  to  the  Bohr  magneton  fii,  of  the  layer  in  the 
ordered  state,  and  the  energy  Cq  =  ^  2d(^Tml^-  In  this  problem 

we  introduce  the  dimensionless  parameters  y  =  ^  =  ^/Aj,  and 

/3  =  vH  y/^-  Typical  values  of  these  parameters  for  high-Tc  superconductors 
can  be  estimated  as  follows.  The  values  A  and  \j  are  of  the  order  of  Ac 
and  Aa6  (see  for  instance  ^8]),  the  correlation  length  ^  ~  lOA,  the  value 
ranges  from  lA  to  lOA,  Tm  can  be  of  the  order  of  Tc  or  lower.  These 
values  give  the  following  estimates  y  ~  10”^  -r  10,  5  ~  10“*,  cind  /3  ~  0.3  -i- 
10“*.  The  ratio  c,„(0)/c;(0)  «  is  always  large  value.  The  latter  means 
that  the  highest  energy  branch  e+{k)  «  €m{k),  i.e.  magnetic  excitations  are 
practically  not  affected  by  the  fluctuations  of  the  ph«e  4>.  On  the  contrary, 
phase  fluctuations  can  be  essentially  affected  by  the  presence  of  magnetic 
degrees  of  freedom.  In  Fig.  1  the  dependence  of  tk  is  shown  at  different  Tm- 
As  one  can  see  from  Eq.  2  at  =  tq  =  —  6*  the  value  e^{k)  —  ej(0)  oc  k* 

at  small  k.  When  <  tq,  c-(fc)  —  €j(0)  oc  —k^  at  small  k  and  it  reaches 
minimum  at  k^  =  kl^-^  =  —  Tm  —  ^*)/2.  The  function  c_(^)  touches  the 

horizontal  axis  at  the  temperature  r„,  =  =  (^  —  5)*  at  — 
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Below  this  temperature  there  is  no  homogeneous  solution  of  the  equations 
^  W  +  +  -^Div  (Mr.)  =  0  (3) 

and 

-  V^)M  -  =  0,  (4) 

with  </>  =  0  and  M  =  0,  as  the  system  at  these  values  of  (j>  «ind  M  is  thermo¬ 
dynamically  unstable.  Therefore,  at  the  temperature  =  r^i  the  system 
undergoes  a  transition  to  a  nonhomogeneous  state  chciracterized  by  the  pres¬ 
ence  of  supercurrents  and  two-dimensional  (in  the  limit  d  — >  0)  magnetization 
in  the  layer.  This  state  can  be  imagined  as  a  periodic  array  of  vortex  loops 
enclosing  cores,  in  which  the  magnetization  reaches  its  maximum  value. 

Now,  we  are  going  to  prove  that  additional  losses  must  appear  in  the  sys¬ 
tem  resulting  from  the  presence  of  the  fluctuating  magnetization.  For  this 
purpose  let  us  evaluate  the  surface  impedance  Cit  of  the  system  composed 
from  successive  superconducting  (S)  layers  with  the  width  2D  divided  by 
nonsuperconducting  (N)  layers  with  the  width  2d.  In  the  case  of  high-Tc  ma¬ 
terials  magnetic  moments  introduced  by  copper  ions  are  usually  positioned 
in  the  superconducting  layers.  Nonetheless,  the  magnetization  inside  the 
layer  is  screened  and  related  to  the  surface  of  these  layers.  Therefore,  we  can 
describe  the  iV-layer  by  the  model  with  the  free  energy  of  Eq.  1.  In  such  a 
system  the  surface  impedance  is  strongly  anisotropic.  In  the  caise  when  the 
material  occupies  the  half  space  y  <  0,  with  the  layers  parallel  to  the  i-axis 
the  Cr*  =  Co  component  of  the  impedance  can  be  measured  when  in  electric 
and  magnetic  fields  only  Eg  and  Hz  are  not  equal  to  zero.  The  impedance 
should  be  defined  as  (see  for  instance  [9])  Co  =  ^irEx/HzC  where  the  over¬ 
line  means  averaging  of  the  field  on  the  scale  2{d  -f  D)  along  the  z-direction. 
Considering  Eg,  Hz  ~  expi(A;y  —ut)  and  using  Maxwell’s  equations,  one  can 
reduce  the  Co  component  of  impedance  to 


^  _  47r  w 
■  c2 


(5) 


where  the  equation  defining  the  function  fc(w)  ccin  be  obtained  from  the 
continuity  of  Ex  on  the  S  —  N  boundaries  ais 


k^  = 


iiriu! 


ay{k,u)(\  -  p)  +  <7s(u;)p  , 


(6) 
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where  p  =  DI{D  +  d).  In  this  equation  we  introduce  complex  conductivities 
eis  characteristics  of  N  and  S  layers.  The  value  as  has  the  standard  definition 
as(u/)  =  <r„  +  ic^/47ra;A^,  the  value  ajv  is  defined  below. 

The  component  ca.n  be  measured  when  Ez  and  I/x  are  not  equal 

to  zero  as  Cc  =  ^irEzfHxC  leading  to  the  same  formal  definition  as  given  by 
Eq.  5.  However  in  this  case,  continuity  of  Hx  leads  to  the  following  equation 
defining  the  function  k{uj) 


e  =  ^ _ ! _ .  (7) 

c2  a,^^{k,u){l- p)  +  as\u})p 

From  Eqs.  6  and  7  one  can  see  that  when  |<T5(u;)|  (which  should 

be  the  case  if  <7^^  is  defined  by  the  Josephson-like  coupling  between  5  layers), 
the  value  is  practically  defined  by  large  shunting  currents  flowing  in  the 
superconducting  parts  of  the  material.  On  the  contrary,  Cc  is  governed  by 
N  layers  which,  in  the  presence  of  magnetic  moments  interacting  with  cur¬ 
rents,  has  as  essentially  dependent  on  k.  In  order  to  estimate  the  function 
asik,u)),  we  need  to  generalize  Eqs.  3  and  4  for  the  case  of  a  time  dependent 
perturbation  and  use  the  linearized  version  of  the  equations 


and 


dM{T) 

^  m  rv  . 


H{t) 

(8) 

5M(r)’ 

(9) 

where  the  coefficients  are  different  owing  to  the  difference  in  the  relax¬ 
ation  of  currents  and  magnetic  moments.  The  coefficient  can  be  expressed 
through  the  quasiparticle  tunneling  conductance  aj  =  2$o(77'/(4x)^dc^. 
Using  Eqs.  8,  9,  and  the  Josephson  relation  d<l>{r,t)ldt  =  ^edEz{r,t)/h  one 
can  obtain  the  following  expression 


as{k,u>)  =  <tt  + 


i(^T 

47rti;A^ 


47ru;  -*u;7m  +  k^  +  -  r)  ’ 


(10) 


where  we  have  taken  into  account  that  A  =  2(A£,  tanh  Dj Af,  -f  d)  «  2{D  -t-  d) 
and  have  used  approximations  for  material  characteristics  eis  jc{T)  =  ic(0)T 
and  \i  =  Ai,(0)r"^'^^  applicable  when  t  =  {Tc  —  T)/Tc  <  1.  We  also  in¬ 
troduced  in  Eq.  10  notations  A*  =  Xj{Q)(X[^{0)/{D  +  d))'/^,  jm  =  r„,/x, 
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=  i~^TclTm,  and  At  =  (Tg  -  Tm)ITc.  Using  Eqs.  10  and  7  one  can 
calculate  the  surface  impedance  Cc  cis  a  function  of  temperature  and  other 
physical  parameters.  The  results  of  such  calculations  are  shown  in  Fig. 2  and 
Fig.3  for  the  case  ct  <Tn-  The  ratio  <7r/<Tn  can  be  estimated  from  d.c. 
meaisurements  of  resistivity  in  normal  state  as  Pab/Pc-  This  ratio  may  sub¬ 
stantially  vary  depending  on  oxygen  content,  type  of  impurities,  and  their 
concentrations.  For  Bi2Sr2C aCu20x,  according  to  [10],  Pabj Pc  is  of  the  or¬ 
der  of  lO""*.  In  Fig. 2a,  one  can  sec  that  the  temperature  dependence  of  real 
and  imaginary  parts  in  very  close  vicinity  of  Tc,  resembles  behavior  in  a 
traditional  superconductor.  When  r  approaches  Tj  an  essential  difference  ap¬ 
pears.  The  real  part  increases  reaching  maximum  at  t  «  ti,  while  ImQc  roay 
turn  to  zero.  Thus  the  reaction  of  a  sample  may  be  practically  active  instead 
of  the  usual  overwhelming  inductive  part.  The  behavior  of  (“c  can  only  be 
extrapolated  in  the  region  r  <  tj  under  the  assumption  that  the  structure 
arising  at  r  =  Ti  is  pinned.  Otherwise  below  T]  one  may  expect  even  increase 
of  ReC,c  in  some  range  of  temperatures.  The  tendency  to  increase  of  losses  is 
especially  well  seen  in  Fig. 2b,  where  one  can  see  transformation  of  ReQ  with 
frequency.  In  the  range  of  frequencies  w/wq  1  (where  cjq  = 
the  real  part  undergoes  substantial  changes  so  that  losses  in  the  supercon¬ 
ducting  state  may  be  even  higher  then  in  the  normal  state,  as  a  consequence 
of  the  interaction  of  supercurrents  with  the  fluctuating  magnetization.  The 
characteristic  frequency  wo  can  be  estimated  for  the  case  of  BiSrCaCuO 
systems  being  of  the  order  of  10^  Hz.  Influence  of  other  parameters  (<5  and 
l3)  is  shown  in  Fig.3.  These  two  parameters  affect  the  value  ti  as  well  as  the 
level  of  losses.  The  influence  of  the  magnetic  relaxation  parameter  7m  is  not 
e.ssential  .so  far  as  x  =  7mC^(l  —  p)/47r<T7  <  1.  In  the  case  of  large  x  all  curves 
will  be  smoothened. 

In  conclusion,  we  think  that  experimental  study  of  low-frequency  losses 
in  single  crystals  can  give  useful  information  on  the  interaction  of  magnetic 
and  superconducting  collective  excitations  in  high-Tc  materials.  Especially 
informative  should  be  experiments  in  which  losses  are  studied  along  with 
change  of  the  oxygen  content  and  (or)  variations  of  host  ions  affecting  mag¬ 
netic  moments  of  copper  ions. 

I  am  grateful  to  Prof.  E.  L.  Wolf  for  interesting  discussion  of  this  work. 
This  work  was  supported  by  Air  Force  Office  of  Scientific  Research.  Grant 
AFOSR-89-0.338. 
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FIGURE  CAPTIONS 

Fig.  1  Transformation  of  the  lowest  (phase  fluctuations)  branch  of  collective 
quasiparticle  excitations  with  temperature  (see  Eq.  2)  Parameters  are 
equal  to;  =  lQ-\  ^  5  x  10t„,  =  2;  1.5;  0.6;  0.4;  0.2;  0.087 
(Tml  «  8.7  X  10"^). 

Fig. 2  Dependence  of  real  (a,  b)  and  imaginary  (a)  parts  of  the  surface 
impedance  on  temperature.  Rq  is  real  part  of  surface  impedance 
at  T  =  Tg.  Parameters  are  equal  to:  At  =  7  x  10~^,  x  =  0.1. 

(a)  =  2  X  10-2,  ^2  ^  10-2^  ^  102. 

(b)  I3^  =  5x  10-2,  ^2  ^  5  X  10-2,  ^  2;  10;  102;  10^  10^ 

Fig. 3  Variation  of  the  temperature  dependence  of  with  the  change  of 
parameters  0  and  6.  Parameters  are  equal  to:  Ar  =  7  x  10-2,  ^  _  q  i, 
ujq/uj  =  102. 

(a)  ^2  =  10-2;  2  X  10-2;  3  10-2.  5  ^  io-2;  7  X  lO’*;  0.1;  0.15; 

0.2,  5  X  10-2. 

(b)  «2  =  10-2,  ^2  ^  2  X  10-2;  3  X  10-2;  4  x  10-2;  5  x  10-2;  6  x  10-2. 
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Abstract 

It  is  shown  that,  in  a  periodic  array  of  two  different  superconduct¬ 
ing  layers,  a  special  kind  of  thermal  excitations  can  be  found  in  the 
vicinity  of  Tc.  These  excitations  are  vortex  rings  positioned  in  the  layer 
with  weaker  superconductivity.  For  parameters  corresponding  to  high- 
Tc  superconductors  these  excitations  are  most  likely  to  consist  of  two 
coupled  vortex  rings  with  opposite  helicities,  separated  by  the  layer 
with  stronger  superconductivity.  Such  a  kind  of  excitations  under  the 
decrease  of  temperature  are  pinned  and  contribute  to  randomization 
of  the  superconducting  state  at  low  temperatures.  Estimates  are  made 
for  the  relative  value  of  density  of  states  within  the  gap  region  and 
characteristic  length  of  the  random  structure  caused  by  the  double 
ring  excitations. 


PACS  numbers;  74.20. De,  74.70.Jm,  74.70.Vy 
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It  is  now  widely  recognized  that  thermal  excitations  of  2Z)-vortices  play 
an  important  role  in  the  magnetic  and  transport  properties  of  anisotropic 
layered  superconductors  (SC).  This  phenomenon  substantially  influences  ex¬ 
tremely  anisotropic  systems  like  Bi-  or  Tl-based  high-Tc  oxides  or  artificial 
superconducting  superlattices.  A  conventional  model  describing  such  com¬ 
pounds  was  first  advanced  by  Lawrence  and  Doniach  [1].  This  model  deals 
with  a  periodic  array  of  SC-layers  coupled  by  weak  Josephson  links.  In  Ref. [2] 
a  squeezed  vortex  in  a  similar  structure  has  been  considered  as  a  constituent 
for  pairs  leading  to  Berezinsky- Kosterlitz-Thouless  transition  [3],  [4].  A  pair 
of  vortices  in  a  layered  superconducting  structure  can  be  imagined  cis  a  sin¬ 
gle  vortex  loop  with  the  normal  core  forming  something  close  to  a  rectangle, 
which  small  sizes  are  inside  the  film  with  stronger  superconductivity.  Here  we 
consider  a  ring  shaped  loop,  Which  is  completely  confined  to  the  weaker' layer. 
Such  rings  cannot  directly  contribute  to  the  2D-like  behavior.  Nonetheless, 
as  it  is  shown,  they  may  essentially  affect  superconducting  properties  of  lay¬ 
ered  structures.  In  the  following  we  consider  a  simplified  model  for  a  strict 
mathematical  description  of  a  ring.  We  assume  that  a  cell  of  a  layered  struc¬ 
ture  consists  of  two  layers  with  the  thicknesses  2di  and  2^2.  Each  layer  is 
a  London  superconductor  characterized  by  the  bulk  field  penetration  length 
Ai  or  A2.  These  layers  alternatively  form  a  periodic  structure  in  z-direction. 
The  magnetic  field  distribution  can  be  found  as  a  solution  of  the  London 
equation  which  for  this  case  takes  the  form  (see  [5]) 

*(»•)  +  V  X  {A2(z)V  X  *(r)}  =  $0  ^ -  /),  (1) 

where  $0  is  the  magnetic  flux  quantum  and  the  integration  should  be  carried 
out  along  the  curve  of  the  ring  with  the  length  L  =  2-Kp.  This  equation  must 
be  completed  by  the  boundary  conditions  reflecting  the  continuity  of  the 
magnetic  field  and  the  normal  component  of  current.  We  also  assume  that 
the  ring  is  positioned  at  rj.  =  0  in  the  middle  of  the  layer  (plane  z  =  0,)  with 
the  penetration  length  Ai,  which  is  the  largest  of  aJI  characteristic  ^lengths 
A2,  di,  and  d2-  For  such  a  configuration  the  magnetic  field  possesses  a  radial 
symmetry  and  can  be  represented  hy  h  =  Th{r,z),  where  r  is  the  azimuthal 
unit  vector.  The  value  h  satisfies  the  following  equations  hold  in  the  layers 


/I 

\  A^  **" 


i_a 

r  dr 


^>0 


*nfc(r,z)  =  (5„,,o^d(r  -  p)8[z). 
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where  (k  =  1,2)  are  integers  numbering  layers,  n^.  =  2p  for  the  layers 
with  the  penetration  length  Ai.  The  boundary  conditions  for  Eqs.  2  can  be 
written  as 


^2p(^)  “  ^2p+l(^)»  ~  ^2(p+l)(’")» 

'^1^2p,z(’")  =  ■^2^2p+l,z(’’)»  ■^2^2p+l,z(^)  =  '^1^2(p+l)^(’”)>  (^) 

where  denote  upper  (+)  and  lower(— )  boundary  of  a  layer,  is  a  deriva¬ 
tive  with  respect  to  z.  In  the  following  we  assume  that  Ai  ^  A2.  This  assump¬ 
tion  essentially  simplifies  calculations  and  corresponds  to  the  real  physical 
situation,  especially  if  one  would  apply  this  consideration  to  the  case  of  high- 
Tc  materials.  When  Ai  essentially  exceeds  all  other  characteristic  lengths  the 
set,  Eqs.  2  with  the  boundary  conditions  Eq.  3,  allows  to  apply  the  separation 
of  variables.  For  this  purpose,  let  us  average  the  equation  for  the  first  layer 
from  the  set  of  Eqs.  2  over  the  thickness.  After  that  the  solutions  of  Eqs.  2 
can  be  represented  as  hn{r,z)  =  h{rfXx)Zn{zl^x)>  where,  if  one  scales  all 
lengths  r,p  and  z  in  the  units  of  Ax,  the  function  k{r)  is  defined  by 

h{r)  =  $  {0(r  -  p)hip)Kx{r)  d-  Q{p  -  r)K^{p)h{r)}  ,  (4) 

where  Ii  and  Ki  are  Bessel’s  functions  of  imaginary  argument.  In  this  equa¬ 
tion  the  scaling  factor  Ax  must  be  defined  from  the  solvability  condition  for 
the  whole  set.  Strictly  speaking,  the  Heaviside’s  step  function  0(r)  in  Eq.  4 
can  be  written  only  approximately  and  in  the  vicinity  \r  —  p\  a  di/Xx,d2/Xx 
they  should  be  replaced  by  a  smooth  function  which  can  be  obtained  from 
am  exact  solution  (which  is  very  cumbersome).  In  the  following,  corrections 
from  such  a  replacement  would  give  a  vzdue  of  the  order  of  (d,/Ax)^  which, 
in  the  accepted  here  approximation,  is  a  very  small  value.  The  quantity  $ 
in  Eq.  4  is  defined  a.s  $  =  $oAx/2Afdi.  This  definition  gives  the  boundary 
conditions  at  the  lower  layer  Zf  =  1  and  =  dix\^\l XxX\.  The  functions 
Zn  satisfy  homogeneous  equations  Zn,zz—Xn^n  =  0,  with  =  (Ax/Afc)^- 1. 
The  solutions  of  these  equations  can  be  represented  in  the  form 

Zn  =  -1-  (5) 

where  Zn  —  n{di->rd2)l Xx,  i.e.  2^  is  positioned  in  the  middle  of  the  n-th  layer. 
With  the  use  of  Eq.  5  one  can  rewrite  the  set  of  boundary  conditions  Eqs.  3 
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in  the  matrix  form  Zf  A2p  =  Z^Ajp+i  and  Z2^2p+i  =  i42(p+i),  where  the 

following  matrices  are  introduced 


‘'  =  (J  -?)■ 

+  3:iyi/y2  ^  yt  =  A^XJt/Ai 
\  ^  2  V  1  -  Xiy\ly2  )'  Xk  =  dkXkl^^L  ' 


(6) 


The  solutions  for  the  columns  An  can  be  written  in  the  form  A2p  =  (Zj" )~^N^L2  Ai 
and  A2P+1  =  L2  Ai,  where  the  matrix  N  is  defined  as  N  =  P1P2 

with 

p  _  f  cos2|a;i|  (sin2(xi|)/lyi(  \  p  -  (  cosh  2x2  (sinh2x2)/y2  ^ 

^  \  — |yilsin2lxi|  cos2|xi|  )'  y  y2sinb2x2  cosh2x2  )" 

(7) 

As  is  seen  from  Eq.  7  the  matrix  N  has  det  iV  =  1  with  two  real  and  positive 
eigenvalues  (n±)  satisfying  equality  n^.n_  =  1,  i.e.  n+  >  1  >  n_.  The 
amplitudes  A^  should  decrccise  with  the  increase  of  n.  Therefore,  one  must 
nullify  terms  increasing  as  n\.  Imposing  this  requirement  one  arrives  at  the 
following  solvability  condition 


This  equation  defines  the  scaling  parameter  Ax  which  is  the  penetration 
length  for  perpendicular  to  the  layers  magnetic  fields.  Further  simplification 
can  be  made  when  additional  inequality  holds  A2  ^  di  +  d2.  In  this  region 
of  parameters  on  can  get  from  Eq.  8  Ax  =  Ax-y/di/^.  One  can  eilso  obtain 
in  this  limit  the  effective  penetration  length  for  magnetic  fields  parallel  to 
the  layers  A||  =  A2(d2  +  di)/d2.  The  found  solution  for  the  magnetic  field 
distribution  helps  to  define  energy  of  a  vortex  ring.  The  energy  E{p)  can  be 
expressed  as  an  integral  along  the  curve  of  the  ring 

E(P)  dlhil)  (9) 

After  carrying  out  the  integration  in  Eq.  9  we  arrive  at 

A  \  i 

£(/>)  =  =  Eop^MKiip).  (10) 
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As  one  may  expect,  in  the  limit  of  large  p  (p  1,)  this  energy  can  be  written 
in  a  traditional  form  E  w  Hci^oLf4:ir,  where  we  have  introduced  the  lowest 
first  critical  field  in  the  layered  structure  equal  to  Hd  =  $o/8Aii/ai^.  When 
the  external  magnetic  field  is  applied  parallel  to  the  layers,  there  are  two 
“first  critical”  fields  in  such  a  structure.  There  is  the  lowest  field  Hd ,  when 
penetration  of  vortexes  occur  in  the  weak  layer,  and  the  field  Hd  at  which 
cores  of  vortexes  enter  into  the  layer  characterized  by  Aj.  In  the  considered 
here  limit  Hd  Hd-  One  can  compare  the  energy  Eq.  10  with  the  energy 
of  a  pair  of  oppositely  directed  squeezed  vortexes  Ej,{r)  separated  by  the 
distance  r  =  {L  —  26.2)12  (see  Ivanchenko  et  al  [2]).  In  the  same  structure 
we  always  have  E  <  Ep  a.t  the  same  value  of  L.  Nonetheless,  the  entropy 
contribution  to  the  free  energy  of  a  pair  makes  its  creation  more  favorable. 
The  latter  means  that  single  vortex  rings  cannot  essentially  contribute  to 
the  2Z)-like  behavior  in  the  vicinity  of  the  critical  temperature.  The  energy 
of  a  ring  excitation  (RE)  can  be  made  essentially  smaller  if  one  considers  a 
pair  of  vertex  rings  of  opposite  helicity  separated  by  a  layer  with  the  strong 
superconductivity.  The  energy  of  such  an  excitation  will  be  dependent  on 
two  radii  pi,  p2  and  the  separation  distance  R,  and  it  can  be  calculated  in 
the  same  manner.  In  this  case  instead  of  Eq.  9  we  have 


E{pi,p2,R)  =  ^  y^dlh,{l)  +  4-  jfd//i,(/)  +  jf  d//i,(i)| , 


(11) 

where  the  indices  1,2  in  integrals  define  integration  paths  along  the  first 
or  the  second  ring,  hi  is  the  field  generated  by  the  z-th  ring.  The  smallest 
energy  Ej  at  a  fixed  vertex  path  length  L  =  2r{pi  +  p2)  is  realized  when 
Pi  =  P2  =  L/Atc  —  p  and  R  =  Q 


EM  =  0)  =  ^p^IMKM  =  EMh{p)KM.  (12) 

Now  we  will  estimate  an  entropy  contributions  resulting  from  the  liberty 
implied  by  the  possible  change  of  pi  =  p  +  r/2,  p2  =  p  —  r/2,  and  R.  In  this 
case  according  to  the  general  principles  of  statistical  mechanics  we  have  to 
define  the  free  energy  as 

f  =  -rin  Jdrj  <iHexp|- =  EM  -Tlnf{p),  (13) 
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where  the  function  f{p)  cx  p~^  when  E2qIT  1.  The  probability  density 
w(p)  to  find  a  double  ring  excitation  (DRE)  can  be  defined  as  w(p)  = 
Af(p)n(p),  where  A  is  a  normalization  constant  and  n(p)  =  exp[—E2(p)/EJ 
is  a  number  of  such  excitations  with  the  radius  p.  DRE  can  be  thermally 
excited  in  the  vicinity  of  Tc.  In  order  to  excite  such  an  excitation  one  has 
to  overcome  a  barrier  with  the  energy  EJj.  In  Fig.l  the  dependence  E2{p,z) 
on  the  separation  of  rings  z  is  shown.  This  is  a  result  of  exact  calculations 
which  will  be  published  elsewhere.  The  value  of  the  lowest  energy  barrier  can 
also  be  estimated  with  the  help  of  Eq.  5  as  Eb{p)IE{p)  «  Ajdi/Aj  =  k.  This 
relation  shows  that  the  barrier  energy  can  be  more  or  less  then  the  energy  of 
an  RE  depending  on  the  value  «.  Let  us  estimate  k  for  YBa2Cuz07  as  the 
most  complete  set  of  data  is  available  for  this  material  (see  for  instance  [6]) 
di  w  2d2,  26.2  «  3.8A,  A^  =  1400 A,  and  Aj|  as  7000 A.  From  this  data  one  can 
obtain  A^  as  3.5  x  10'*  A,  A2  as  2.3  x  10^ A,  and  k  as  0.3.  This  shows  that  RE 
should  not  be  as  essential  as  DRE,  because  the  latter  have  much  lower  energy' 
{E2IE  =  2621X2  ^  1-6  X  10~^)  and  can  be  easily  excited.  DRE  created  at 
some  temperature  in  the  vicinity  of  Te  will  be  pinned  with  a  decrease  of  tem¬ 
perature.  Therefore,  in  the  low  temperature  region  should  always  be  some 
finite  density  of  pinned  double  vortex  loops  (DVL).  The  latter  causes  a  finite 
density  of  quasiparticle  states  in  the  gap  region.  Such  an  effect  is  always 
seen  in  tunneling  data.  There  has  been  advanced  a  number  of  explanations 
for  the  phenomenon  (see  as  an  example  [7]).  Let  us  estimate  contribution 
of  DVL  into  this  density  of  states.  We  assume  that  along  a  vortex  line  in  a 
layer  some  volume  V{p),  equal  to  2x^/jAj.d]  is  roughly  in  the  normal  state. 
Within  the  whole  layer  we  have 

£iV(p)  =  2irVAj.<i?n(rtAr(/>),  (14) 

where  ^T{p)  is  the  volume  of  phase  space  corresponding  to  radii  between 
p  +  Sp  and  p.  This  value  can  be  estimated  as  follows.  As  DVL  are  created 
from  the  pinned  DRE  at  some  temperature  Tp  at  which  pinning  occurs,  we 
need  to  estimate  AF  for  DRE  at  this  temperature.  We  have  an  area  A5 
on  which  the  smallest  cell  is  constituted  by  a  ring  with  the  area  S{p)  = 
irp‘^X\.  One  should  multiply  A5/5(/>)  by  the  number  of  rings  m{p),  which 
can  be  inserted  into  the  area  S{p)  without  interaction  between  them,  i.e. 
separated  by  the  distance  Ax  along  the  radius  pAx.  This  number  is  simply 
p  (i.e.  m{p)  =  pAx/Ax).  As  a  result,  if  one  also  takes  into  account  that  the 
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smallest  possible  ring  may  have  pmin  =  dijXx.  the  value  AF  can  be  estimated 
as 

A5  ,  ..SpXx.  ^SSp 

Now  the  relative  part  a„  =  V^ISdi  of  the  normal  volume  can  be  estimated 
from  Eq.  14  as 


where  7  =  £'2o(7’p)/2Tp  is  assumed  to  be  much  greater  then  unit.  The  for¬ 
mula  Eq.  16  can  be  compared  with  the  available  experimental  data.  In  the 
work  [8]  the  density  of  states  within  the  gap  related  to  the  normal  density  of 
states  is  approximately  0.25.  This  value  should  be  compared  with  a„.  The 
value  7  for  BiSrCaCuO  crystals  can  be  estimated  as  10^  -  10^  which  gives 
quite  reasonable  agreement  with  this  experiment.  Additional  experimental 
fact  in  favor  of  DVL  also  obtained  in  this  work.  One  caji  estimate  an  av¬ 
erage  characteristic  length  /  on  which  ail  superconducting  properties  should 
randomly  vary  due  to  the  presence  of  DVL.  This  length  is  equal  to 

This  equation  gives  I  w  100 A  which  is  close  to  the  veilue  seen  in  [8].  One 
more  qualitative  fact  found  in  [8]  which  agrees  with  the  presence  of  DVL  is: 
the  regions  on  the  surface  of  the  crystal,  with  lower  density  of  states  in  the 
gap,  correspond  to  better  superconductivity  seen  in  the  increase  of  density 
in  the  vicinity  of  the  gap  singularity. 

In  conclusion,  we  believe  that  DVL  at  low  temperatures,  originated  from 
DRE  existing  in  the  vicinity  of  Tc,  manifest  themselves  in  additional  random¬ 
ization  (in  comparison  with  the  normal  state)  of  superconducting  properties 
in  high- Tc  superconductors  and  layered  structures.  Most  likely  that  such 
randomization  haw  already  been  seen  in  experiment  [8].  Further  experiments 
which  could  contribute  in  clarification  of  this  problem  should  compare  levels 
of  randomization  in  normal  and  superconducting  states. 

I  am  grateful  to  E.  L.  Wolf,  fruitful  discussions  with  whom,  stimulated 
appearance  of  this  work.  This  work  wais  supported  by  Air  Force  Office  of  Sci¬ 
entific  Research  under  Grant  .AFOSR-89-033S  and  US  Department  of  Energy 
under  Grant  DE-ED02-87ER45301. 
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FIGURE  CAPTION 


The  dependence  of  energy  of  a  double  ring  excitation  on  the  ring  separation 
u  =  z/2(di  +  dj)  {F{u)  =  E'i{p,z)l E{p))  for  d\  =  dj/Aj  =  10”^,  and 
A1/A2  =  3. 
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